ABSTRACT In order to effectively suppress rotor periodic synchronous vibration caused by the rotor mass eccentricity and sensor detection error of bearingless induction motor (BIM), a rotor vibration suppression control strategy with improved repetitive control is proposed based on the analysis of the problems existing in traditional repetitive control. On the basis of the vector control model of the BIM system, a simplified suspension control model is derived. The fractional delay filter is used to optimize the repetitive control internal model. Based on the stability conditions of the control system, the design method of repetitive control compensation function in high, middle and low frequency region is given in detail, and the simulation and experimental system of BIM is built. The results show that the vibration suppression control strategy with the improved repetitive control can effectively suppress the vibration of the rotor in steady state and improve the suspension accuracy of the BIM.
I. INTRODUCTION
Induction motor possesses the advantages of simple structure, good robustness, manufacture, convenient maintenance, and low cost. Especially the German scholar F. Blaschke put forward the vector control strategy for induction motor in the mid-1970s, the induction motor speed control performance can be comparable to DC motors. Thus, induction motor has been actively researched and developed around the world.
Rotor bearing devices mainly include mechanical bearings, liquid or air bearings and magnetic bearings. When rotor adopts mechanical bearing support, there are inevitably mechanical wear, vibration and noise. The increase of speed and power are severely limited. Air bearings and liquid bearings need special air floatation and liquid floatation devices, resulting in a bulky motor system and technical problems of leakage, which restrict their application in the field of pollution-free and super clean special electric drive. Magnetic
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bearing is a new non-contact bearing supported by electromagnetic force with the merits of no wear, small vibration, no lubrication and low noise, which can realize higher rotor speed and greater power operation and provide a new solution for special electric drive [1] - [4] . Moreover, in order to achieve stable suspension and rotation of rotor, axial single degree of freedom (DOF) magnetic bearing, radial 2-DOF magnetic bearing, radial-axial 3-DOF magnetic bearing and high-speed motor are required to constitute full magnetic suspension drive system. However, the motor system with magnetic bearing support has the shortages of long axial length, low critical speed, large system size and high cost, which limits the development of magnetic bearing motor towards high speed and power [5] .
At the end of 19th century, the Swiss scholar R.Bosch first used the concept of bearingless motor [6] . The bearingless motor integrates magnetic bearing and conventional motor, which generates the suspension force and the torque in one unit. Compared with the magnetic bearing supported motor, the volume weight is smaller, the power density is larger and VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ the critical speed is higher [7] , [8] . The bearingless motor technology has provided new solutions for magnetic levitation drives and broadened the application fields of magnetic levitation drive technology. Various bearingless motors have been developed, such as bearingless permanent magnet synchronous motor, bearingless switched reluctance motor and bearingless induction motor (BIM). Bearingless permanent magnet synchronous motor has the characteristics of no excitation and simple control [1] , [2] . Because of permanent magnet on rotor, the rotor has low strength, poor magnetic flux and irreversible thermal demagnetization. The advantages of bearingless switched reluctance motor are high mechanical strength and low cost of rotor, but rotor salient pole structure leads to large torque ripple and noise, especially in high-speed operation. The excellent characteristics of BIM are simple structure, small torque ripple, low noise, easy magnetic weakening and high reliability, especially the squirrel-cage rotor with low cost, high mechanical strength and easy maintenance. With the development of power electronic technology, digital signal processing technology and modern control technology, the unique design principle and structural advantages of BIM have high application value and broad application in special driving fields.
The research results of BIM at home and abroad are summarized in this paper, including electromagnetic force, mathematic model, motor topologies, decoupling control strategies, sensorless control strategies, rotor vibration suppression strategies and other current research hotspots and key technologies. Furthermore, the future development trends and research direction of BIM are discussed. The block diagram of the proposed research is shown in Fig. 1 .
II. ELECTROMAGNETIC FORCE
In order to generate the torque and suspension force simultaneously, both torque winding and suspension windings are embedded in the stator. Three-phase sinusoidal currents are applied in both windings, and two different electromagnetic forces, namely, Lorentz force and Maxwell force, are produced in the BIM.
A. LORENTZ FORCE
Lorentz force, the force exerted on a charged particle q moving with velocity v through an electric E and magnetic field B. In the BIM, Tangential Lorentz force exerted on the rotor is produced, due to the rotor conductor in the airgap rotating magnetic field, resulting in electromagnetic torque of BIM. In addition to the tangential Lorentz force, the torque winding is experienced the radial Lorentz force in the rotor induced magnetic field. Taking a BIM with 4-pole suspension winding and 2-pole torque winding for example, as shown in Fig. 2 , in the 2-pole rotor induced magnetic field, radial Lorentz force is produced on the suspension winding, and opposite force on the rotor is produced in terms of Newton's third theorem, resulting in a radial levitation force in the + x-axis direction. Similarly, radial levitation force along the y-axis can also be generated. Nonetheless, for a BIM, the radial Lorentz force on the rotor is very small in the total radial suspension force, which can be negligible [9] . 
B. MAXWELL FORCE
The magnetic tensile stress exerted on the magnetic material boundary of different magnetic permeability, such as the air and the core, in the magnetic circuit is called Maxwell force, also called magnetic resistance. The Maxwell force can be expressed as
where B is the airgap flux density, A is the infinitesimal rotor surface element, and µ 0 is the vacuum magnetic permeability. Maxwell force is the main component of the radial suspension force for the BIM. Fig. 3 (a) shows the Maxwell force distribution on the rotor surface in the equilibrium position. In the stable suspension of the rotor, the geometrical center of the rotor is the geometric center of the stator. Although the Maxwell force is large on the circumference of the rotor, the airgap magnetic field is uniformly and symmetrically distributed, so the Maxwell force of the rotor is also symmetrically distributed, and the resultant force is zero. If the rotor deviates from the stator center, the symmetry of flux distribution will be broken, as shown in Fig. 3 (b) . The Maxwell force is no longer zero, pointing to the side where the airgap decreases and the flux density increases, coincides with the direction of the rotor drift, and increases with the rotor drift. For the stable suspension of rotor, a stable and controllable radial suspension force must be generated in BIM. The torque winding and the suspension winding with a pole pair difference of 1 are wound together in the stator, and the current angle frequency of both windings is equal [10] .
For a BIM with 4-pole torque winding and 2-pole suspension winding, if only the torque winding or the suspension winding is applied, the flux density of the motor is distributed as shown in Fig. 4 (a) and 4(b). In both cases, the airgap magnetic fields of the motor are symmetrical, and Maxwell radial magnetic suspension force is zero, which is the same as a conventional 4-pole or 2-pole induction motor. If torque winding and suspension winding are both applied at the same time, as shown in Fig. 4(c) , due to the superposition of the two magnetic fields, airgap rotating magnetic field is out of balance. The magnetic field in the +y-axis direction is decreased because two magnetic fields are in the opposite direction. On the other hand, the magnetic field in the −yaxis direction is increased due to the same direction of two magnetic fields. Maxwell radial magnetic suspension forces is no longer zero and points to the −y-axis where the magnetic field is enhanced. While the airgap magnetic field in the x-axis direction is still symmetrical, and the radial Maxwell force in the x-axis direction is zero. Similarly, changing the phase difference between the two windings currents, a radial suspension force along the direction of x-axis can be generated. Therefore, the rotor can be suspended steadily by controlling the amplitude and direction of the suspension winding current.
III. MATHEMATICAL MODEL
The mathematical model is the theoretical basis of BIM.
Based on the precise expression of electromagnetic torque and radial suspension forces, stable suspension control of BIM can be realized. In order to facilitate the analysis, the following simplifications are made in the process of derivation of the mathematical model. The two sets of stator windings are symmetrically distributed in space, and the airgap magnetomotive forces generated by the currents has a sinusoidal distribution, ignoring higher harmonics, temperature, magnetic saturation, cogging effect, core reluctance and eddy current losses.
A. RADIAL SUSPENSION FORCES
According to the principle of the equivalent magnetic circuit of the motor, the inductance matrix of torque winding and suspension winding is derived, and the electromagnetic energy is obtained based on the inductance matrix. Then, the mathematical model of radial suspension forces can be obtained by partial derivations of electromagnetic energy storage with respect to the rotor displacement. (2). Furthermore, the airgap magnetic field of torque winding is generated by the current components of i zsd + i zrd and i zsq + i zrq . It can be easily found that radial suspension forces are generated by an interaction of current components of suspension winding magnetic field and torque winding magnetic field.
Considering that the suspension winding current of rotor is relatively small in small motors, the influence is limited, Equation (2) can be simplified as
Currents of airgap magnetic field are defined as
where i zd and i zq are d-and q-axis current components of torque winding.
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The research shows that the magnitude and direction of the airgap flux change with the load, and the magnitude and direction of the radial suspension force will change with the airgap flux, which will lead to the coupling of radial x-axis and y-axis suspension force. Under the condition of load, a new mathematical model of radial suspension force is proposed in [11] , which can be expressed as
where F xl and F yl are the radial suspension force of the rotor along the x-and y-axis under load, respectively, I e is the amplitude of the excitation current, I s is the amplitude of the stator current. I e and I s are equal without load, but under a load condition, the two are no longer equal due to the increase of slip, and I e is delayed by a phase angle from I s . In this mathematical model, the radial force can be decoupled by the compensation of the current amplitude and the phase angle, and the BIM can run stably under load and transient conditions.
In [12] , mathematical model of radial suspension force is gotten by the integral operation of Maxwell force, which is written as
where zd and zq are the airgap flux linkages components of torque windings in d-and q-axis, respectively, p z and p s are pole pairs of torque winding and suspension winding, respectively, N z and N s are turns of torque winding and suspension winding, respectively, M s is the mutual inductance of the windings, l is the core length, and r is the rotor outer diameter.
B. TORQUE
There are both torque and suspension winding in stator slots of BIM. The airgap magnetic field is generated by the superposition of two stator windings, both of which can be induced rotor current to produce electromagnetic torque. Considering that the suspension winding current of rotor is relatively small, the torque generated by suspension winding is ignored. The expression of torque can be simplified as
IV. MOTOR TOPOLOGIES AND OPTIMUM DESIGN
The conventional 2-DOF BIM is shown in Fig. 5 . An additional suspension winding and a conventional torque winding are wound together in the stator to produce radial suspension force and torque simultaneously. Such a squirrel-cage rotor has inherent technical problems that both torque winding magnetic field and suspension winding magnetic field induce rotor currents. For a small motor with a low speed, the influence of induced currents is limited. When calculating the radial suspension forces and the electromagnetic torque, the currents influence in this part is negligible. However, for high-speed motors with large power, the influence is apparent. As a consequence, the actual airgap rotating magnetic field has a larger difference in amplitude and phase compared with the airgap rotating magnetic field that ignores the current effect. The errors will be brought to radial suspension forces, which further make the radial suspension forces coupled and the phase margin of suspension system smaller, resulting in system oscillation. In 1998, A. Chiba and T. Fukao proposed an optimized scheme of BIM with a novel squirrel-cage rotor, called polespecific rotor. Conductor thickness of coil ends and rotor bar diameters were considered to minimize the secondary resistance. The optimal design point was derived, and a 2-pole-specific rotor experimental prototype was designed [13] , as shown in Fig. 6 . the sum of the induced electromotive forces is zero in the rotor because of the cancellation effect, and consequently 4-pole rotating magnetic field will not induce currents in the rotor. Therefore, due to this special rotor structure, only 2-pole torque winding induces current in the rotor, and 4-pole suspension winding does not generate induced current in the rotor, which improves the accuracy of BIM control system.
A. Chiba et al. further studied the skew of rotor conductors in pole-specific rotor and found that the torque ripple can be reduced in two tandem rotor structures of opposite skew directions [14] . The experimental prototype of two tandem rotor of 4-DOF is shown in Fig. 8 . Fig. 9 shows two rotor structures, and the axial oscillation of the rotor in two different structures is compared. The experimental results showed that the rotor structure shown in Fig. 9 (b) can effectively suppress the axial oscillation.
To realize industrial applications and take the special advantages of BIM, it is necessary to use full magnetic suspension motors. The full magnetic suspension bearingless motor structure, as shown in Fig. 10(a) , is composed of a 2-DOF bearingless motor, an axial magnetic bearing and a radial magnetic bearing. C. Redemann et al. [15] designed a canned-pump experimental prototype of this structure, which is shown in Fig. 11 . However, the axial length ratio of motor drive part is too small, the power density is low, and the critical speed is small. M.Ohsawa et al. [16] proposed a full magnetic suspension bearingless motor consisting of two 2-DOF bearingless motors placed on both sides of an axial magnetic bearing, as shown in Fig. 10(b) . A 15KW canned pump prototype is shown in Fig. 12 . In comparison with the single motor structure, the structure of this full magnetic suspension bearingless motor has the characteristics of large output power, high critical speed and long-time stable suspen- sion operation due to the balanced twisting force on the rotor [17] . Moreover, in order to reduce the system complexity of a full magnetic suspension bearingless motor system, a novel full magnetic suspension bearingless motor consisting of a 2-DOF bearingless motor and a 3-DOF magnetic bearing was proposed [18] - [20] . As shown in Fig. 10(c) , the structure is more compact and the utilization ratio of axial space is higher.
The above-mentioned full magnetic suspension bearingless motors must be equipped with the magnetic bearings, which increase the axial length of the rotor and restrict the critical speed. Therefore, an innovative full magnetic suspension BIM with conical rotor was presented in [21] . As shown in Fig. 13 , the axial length of the motor is further shortened without magnetic bearings, which simplifies the system electromechanical construction. By simplifying the actual winding structure, the radial-axial suspension force is analyzed on the basis of the centralized winding model, the decoupling control is realized by the common BIM control algorithm, and the experimental prototype is shown in Fig. 14 . The aforementioned BIMs are double-winding structure, i.e., the stator is embedded with both suspension winding and torque winding. A single-winding structure is adopted in [22] , which has the merits of high power and efficiency, simple structure and phase redundancy. Torque current and suspension current are excited in a multiphase stator winding simultaneously, which can generate two rotating airgap magnetic fields with a pole-pairs difference of 1, like the doublewinding structure. As a result, the torque and suspension force of the BIM can be controlled by two currents.
A model of BIM with external rotor was proposed in [23] . Based on finite element analysis, the number of rotor bars, the number and size of rotor slots, the thickness of stator pole shoe and the pole arc coefficient of stator were used to analyze the suppression of torque ripple and suspension force pulsation.
V. CONTROL STRATEGIES A. FIELD-ORIENTED CONTROL
The airgap rotating magnetic field of the BIM is formed by the superposition of torque winding magnetic field, suspension winding magnetic field and rotor induced magnetic field. Domestic and foreign scholars have done lots of researches about decoupling control of magnetic fields.
1) AIRGAP FIELD-ORIENTED CONTROL
The airgap magnetic field generated by torque winding is synchronized with the rotating d-q coordinate, and the direction of airgap field is taken as the reference direction of d-axis. Moreover, the d-axis flux linkage of torque winding is used as the flux linkage of torque winding, while the q-axis flux linkage is zero [24] , [25] . The airgap field-oriented control system of BIM is shown in Fig. 15 . For giving the appropriate controller parameters, independent control of motor torque and suspension force can be realized by the control of torque winding current and suspension winding current respectively.
2) ROTOR FIELD-ORIENTED CONTROL
Although airgap field-oriented control realizes independent control of torque and suspension force, airgap flux linkage is still a function of torque current, and decoupling between airgap flux linkage and torque current is not completely realized [26] . Rotor flux linkage remains constant in rotor field-oriented control. The d-axis is defined as the direction of rotor magnetic field, then the rotor flux is the d-axis rotor flux component, and q-axis rotor flux component is zero, [27] - [29] . As shown in Fig. 16 , the airgap flux linkage of torque winding is obtained from the airgap flux observer, and the rotor flux is no longer affected by the torque current, which realizes the effective decoupling between torque and suspension force.
A decoupling control system combining airgap fieldoriented control and rotor field-oriented control was proposed in [30] . The rotor field-oriented control was used in the torque control, and the airgap field-oriented control was adopted in the suspension force control. The simulation experiment results showed that the decoupling control performance of the motor system is good and the suspension control is reliable.
B. DIRECT TORQUE CONTROL
The direct torque control does not rely on flux information, the system structure is simple. The direct torque control system is adopted in [31] based on space vector pulse width modulation (SVPWM). As shown in Fig. 17 , double PI loops of torque and flux linkage is introduced and compared with the traditional direct torque control system. The double PI loops do not interfere with each other due to the correction of synchronous angle increment. The relationship among SVPWM total harmonic coefficient, duty ratio and bus voltage coefficient are analyzed. The effectiveness of the control system is verified by experiments. The total harmonic distortion of current is reduced from 86.01% to 81.20% and the radial displacement fluctuation is reduced by 25%, which realizes the stable suspension and decoupling of the motor.
C. DIFFERENTIAL GEOMETRY VARIABLE-STRUCTURE CONTROL
According to coordinate transformation and the nonlinear state feedback, a nonlinear system can be compensated to be a linear system by the differential geometry theory. The differential geometry theory was used to realize decoupling control and linearization of BIM in [32] . The suspension system was changed into a single-input-single-output linear system, and a sliding mode controller was designed for it. With the advantage of fast response and robustness of sliding mode control, the closed-loop control of suspension system was carried out. The efficacy of the proposed control system is established by simulation results. 
D. NONLINEAR INVERSE CONTROL
In order to overcome nonlinearity and high coupling of BIM system, the control method based on inverse system theory is introduced in [33] . The feedback linearization is used to pseudo-linearise the nonlinear system, and the system is controlled by the linear control theory. As shown in Fig. 18 , a nonlinear inverse decoupling is adopted for the torque winding of the BIM. The airgap magnetic field of torque winding is identified by the rotor flux and the stator current. In the simulation experiment, the speed regulation performance of the system is good. When the load torque is increased, the radial displacement of the rotor is not disturbed. For a step change in one of the controlled variables, i.e. speed or rotor flux, the other is almost no change. The rotor speed and rotor flux linkage are dynamically decoupled.
E. NEURAL NETWORK CONTROL 1) NEURAL NETWORK INVERSE CONTROL
A decoupling control method based on the neural network inverse system is presented for the radial suspending model of BIM in [34] . In contrast to the inverse system, the neural network inverse system has better dynamic response performance, smaller overshoot and steady-state error. In Fig. 19 , the neural network inverse system, consists of static neural network and integrator, is combined with the suspension system of the BIM. By learning and training the samples, the system is approximated the nonlinear mapping relationship. Consequently, the linear relationship between input and output can be realized.
2) ADAPTIVE NEURO-FUZZY CONTROL
Adaptive neuro-fuzzy inference system composed of fuzzy control and neural network was proposed in [35] . Sugeno fuzzy control model, the least square method and the backpropagation algorithm were used to optimize the parameters of membership functions. The simulation and experiment were carried out and compared with the traditional PID control. In the adaptive neuro-fuzzy inference system, the motor is accelerated from standstill to 6000 r/min in 0.12s, and the response is faster. The overshoot is less than 20r/min. The rotor radial offset is reduced, and the robustness of the system is better, which is suitable for high performance applications.
3) NEURAL NETWORK ATH-ORDER INVERSE CONTROL
The neural network αth-order inverse system is the combination of neural network and αth-order inverse system. In [36] , the αth-order inverse model was cascaded with the original system, as shown in Fig. 20. i, x, d are input, output and external disturbance, respectively. G c (s) is internal model controller, G m (s) is internal model of pseudo-linear system. The internal model control method was introduced to reduce modeling error [37] , improve the system robustness and realize the decoupling between suspension force and torque. To verify the robustness and decoupling performance, speed and radial displacement decoupling experiment were designed. When the motor was accelerated from 1000 to 2000 r/min, the overshoot of the speed was less than 1%, the radial deviation in one direction is not affected by the one in the other direction. Under abrupt change of load, the speed can quickly recover to the set value after a small fluctuation.
F. LEAST SQUARES SUPPORT VECTOR MACHINE
Without the accurate mathematical model of BIM, linearization of nonlinear samples is realized by the least squares support vector machine inverse [38] - [41] . In Fig. 21 , BIM system is decoupled into four separate pseudo-linear inverse system, connected in series with the original system. Closedloop controllers of each inverse system are designed to realize the decoupling control among speed, flux linkage and displacement. In [38] , the simulation results showed that there is almost no change in radial displacement when the rotation speed is changed from 1500 to 2500 r/min. When the flux linkage changes from 0.75 to 0.95 Wb, the rotation speed does not change obviously and the dynamic performance of the system is good.
G. SENSORLESS CONTROL
Rotor speed and radial-axial offset are important parameters in the BIM control system. Mechanical speed sensor and the eddy current displacement sensor are used to detect in traditional BIM. The installation of the sensor increases the axial length of the motor and the cost of the system. In addition, because of the limitation of the mechanical characteristics of the sensor, it is not suitable for application to high or super-high-speed operation. Rotational speed and displacement values are indirectly obtained by correlation algorithm in sensorless control system, so as to replace mechanical speed and displacement sensors. The mutual inductance current as the function of the rotor displacement was used to realize the displacement sensorless control in [42] . As shown in Fig. 22 , the high frequency carrier voltage is superimposed on the main terminal voltage of the motor. Since the carrier signal frequency is far greater than the suspension current, the induced carrier current is different from the suspension current, and the rotor displacement information is obtained according to the detected induced current. Similar high frequency injection method was used in [43] and [44] .
Speed sensorless control system of BIM based on mutual model reference adaptive system (MRAS) was proposed in [45] . The system adaptively adjusted the error between the reference model and the adjustable model so that the errors between the two models were zero. The speed and stator resistance were identified by two different loops, as shown in Fig. 23 .
Speed-sensorless operation on the basis of left-inverse system was proposed in [46] . Combining the left-inverse system with the subsystem, the rotor speed was observed effectively. As shown in Fig. 24 , the input of the original system can be measured by the left inverse system. Therefore, by combining the left inverse system with the original system, the output of the left inverse system was the input of the original system, which solved the problem of direct measurement.
Due to the effective handling of nonlinearities, the neural network inverse method was applied to the speed selfchecking control system in [47] . An inverse model of speed subsystem consisting of static neural network and differentiator was constructed. The speed observer can be estimated in a large range by the neural network inverse model. In [48] , a speed sensorless control strategy based on the extended Kalman filter (EKF) was proposed. After the reduction of state equation of the conventional extended Kalman filter, the linearized discretization was performed, and the state variable of the motor speed was derived through the extended Kalman filter recursion. Extended Kalman filter has strong self-adaptive ability, which can realize the linearized estimation of nonlinear system. It is insensitive to system noise, which greatly improves the robustness of the system [49] - [51] . Improved back-EMF method was used to realize BIM sensorless control in [52] . The low-pass filter was used to reduce the observer model errors of the suspension winding flux linkage caused by the pure integral in the back EMF. The filtering phase amplitude deviation is compensated, so as to improve the accuracy and precision of identification. Then, the rotor displacement was obtained from the flux observation model of suspension winding. A new low-frequency injection method for BIM speed sensorless control was proposed in [53] . The injected low frequency signal was utilized to obtain the displacement deviation between the actual position and the estimated position of the rotor. The deviation angle of the displacement is adjusted to zero by PI controller, and the speed of airgap rotating magnetic field is obtained to realize the speed estimation of the motor.
H. ROTOR VIBRATION COMPENSATION CONTROL
There is inevitable non-uniform mass distribution and sensor installation error in the rotor of BIM. The mass of the rotor is eccentric and centrifugal force will be generated at high speed, resulting in unbalance vibration of the rotor, to a certain extent, it will have friction with the stator, limiting the speed increase [54] - [56] . For the problems of rotor vibration in BIM, scholars at home and abroad have also carried out relevant researches.
The feedforward control strategy was adopted in [57] . The feedforward controller shown in Fig. 25 was superposed on the original suspension system of the BIM to compensate the centrifugal force of rotor rotation, so that the rotor revolved around the geometric center and the rotor imbalance vibration is compensated. A comparative simulation experiment of traditional PID control was designed. The experimental results showed that the peak-to-peak displacement of rotor radial displacement was reduced from 40µm to 10µm at the speed of 1300 r/min. The rotor vibration is reduced by about 75%, and the rotor suspension precision is greatly improved.
Compensation control system of rotor vibration based on the adaptive least mean square (LMS) filter was introduced in [58] . As shown in Fig. 26 , the vibration signal with the same frequency of the rotational speed was separated from the output signal of the displacement sensor. Then, a compensation signal with the same amplitude, phase and frequency of the vibration signal is produced using the adaptive LMS filter to eliminate the vibration signal component, so as to achieve the purpose of vibration suppression. The vibration compensa-tion control method was studied with simulation and verified on an experimental prototype. The current oscillation value was reduced by 80%. The peak-to-peak value of rotor radial vibration displacement was reduced by half.
A rotor vibration compensation control strategy based on coordinate transformation was proposed in [59] . The displacement signal of rotor geometric center was transformed from the Cartesian coordinate system to rotating coordinate system, and then passed the low-pass filter. The vibration signals with the same frequency of the speed, which can be separated from the displacement signals, are added to the original suspension system. Then, a feedforward compensator was formed, which increased the given period radial suspension force control signal. The rotor vibration was suppressed by forcing the rotor rotating around its geometric center. The simulation results showed that, in the low-speed operation, the vibration displacement of the rotor decreased by 2/3, and the rotor displacement was reduced by 1/2. The system had better performance in wide speed range.
I. COMPARISON OF CONTROL STRATEGIES
(1) Airgap field-oriented control can achieve linear control of suspension force, but the algorithm is complex, and unstable torque exists. Rotor field-oriented control can realize linear control of speed, and the system is simple. But the suspension performance is affected by the load. (2) In comparison with the field-oriented control, direct torque control does not need coordinate transformation and pulse width adjustment. Its structure is simple and the torque response is fast, but torque and flux ripples are large. (3) The differential geometry variable-structure decoupling control system not only has simple structure and fast system response speed, but also has strong antiinterference ability and good robustness. However, the coordinate transformation of differential geometry is difficult, the linearization process is complicated. (4) Nonlinear inverse system has better static and dynamic performance, which is able to linearize nonlinear system. Nonetheless, because of the complicated algorithm and mathematical models, the system structure is complex. (5) The neural network inverse system has the merits of self-learning and self-adaptive, and high fitting precision. Nevertheless, the neural network is greatly influenced by the complexity of samples and network structure, which will cause problems such as over learning and poor generalization. (6) Least squares support vector machine can map nonlinear samples into high dimensional feature space and solve the problem of dimensionality disaster. Moreover, its generalization ability is strong. But when the samples are too large, the requirements of the system are high, the operation time is longer, and the realtime performance is reduced.
(7) The sensorless control reduces the system cost and size and is suitable for high speed application. However, complex hardware system and sophisticated computation are needed. (8) The rotor vibration compensation control improves the accuracy of rotor suspension and provides excellent potential to increase motor rotational speed, but increase the complexity and cost of the system.
VI. DEVELOPMENT TRENDS
The research and application of BIM will change the traditional transmission and transmission mode in many special electric drive fields, and play an important role in improving product quality, reducing cost and pollution. BIM can be used not only for ultra-high-speed fine processing, but also for general mechanical equipment such as vacuum pump, centrifugal dryer and turbine compressor, as well as special rotating machinery in military, space, nuclear industry, energy, chemical industry, transportation and other fields. BIM developed from the magnetic bearing motor, with the characteristics of small size, low energy consumption, short shaft length and higher critical speed, suitable for the satellite systems. This technology also has great potential applications in the semiconductor industry, chemical industry, life science, aerospace and military field. The development trend and research focus on BIM are mainly included in the following aspects:
BIMs are based on traditional induction motors, but their structure, electrical characteristics and mathematical models are different from traditional induction motors. Therefore, the traditional induction motor design method is not fully applicable to BIMs. In particular, due to the non-linear, strong coupling of BIMs, the design difficulty of the prototype is greatly increased. Until now, there are no strict design standards for BIMs. The size of stator and rotor, the number and structure of squirrel-cage rotor bars, the winding mode of wound rotor and the winding diameter are all needed to optimize according to different operation requirements. The optimization design of BIM has also become one of the hotspots of research. On the basis of the design method of traditional motor and other design concepts of bearingless motor, the characteristics and performance requirements of BIM are required to analyze. The finite element analysis software can be used to model and simulate the BIM, and optimize the parameters of the motor, so as to establish the general design method and optimization rule of BIM. In addition, with the development of material science, power electronic technology, computer technology, digital signal processing technology, and processing technology, the motor optimization is the multidiscipline system-level optimization.
B. MATHEMATICAL MODEL
Existing mathematic models of BIM, which are obtained by the Maxwell stress tensor method and virtual displacement method, are derived under the condition of neglecting a series of influences such as magnetic saturation and cogging effect and are unable to express the dynamic coupled relationship between electromagnetic torque and suspension force.
The accurate mathematical model is the basis for precise analysis of motor control. Therefore, how to build a precise mathematical model of BIM is essential for the research of BIM. First, according to the existing model of BIM, the internal mechanism law is found and the model structure is established using the mechanism analysis method. Second, the input and output data of the BIM system are able to be measured utilizing test analysis method. The statistical analysis method is employed to realize the system identification and confirm the model parameters. Third, the influences of nonlinear factors, such as magnetic saturation and cogging effect are considered. Fourth, artificial intelligence, fuzzy algorithm and the nonlinear model modeling theory are applied to build accurate mathematical models.
C. CONTROL STRATEGIES
Compared with conventional induction motor, the nonlinear is stronger and the coupling is more serious in BIM. The traditional control method is difficult to achieve high performance control of BIM. The intelligent control methods need to be adopted to improve the control performance. Intelligent control algorithms, such as artificial neural networks, support vector machines, fuzzy algorithms, etc., have their own advantages and defects. Multiple research methods, with high-speed digital signal processor and hardware and software systems, can be combined to achieve optimal control of the system.
D. NOVEL TECHNOLOGIES
With the continuous improvement of the decoupling control method of BIM, new technologies of BIM, including sensorless technology, rotor vibration suppression, multiphase structure, fault-tolerant control, etc., have become attractive. Sensorless technology and rotor vibration suppression technology have been discussed in the last section. The multiphase motor with the characteristics of stable torque performance, low-voltage and high-power speed control and high reliability, has been applied to BIMs in recent years. In the case of motor failures, the system can be reconstructed using fault-tolerant control technology to ensure the motor running continuously and normally. The introduction of faulttolerant control into the BIM can further improve the reliability of the system.
The application of new technology is added to improve the control precision, operation reliability and robustness of BIM system.
VII. CONCLUSION
The research results of the key technologies of BIM in recent 20 years, including operation mechanism, mathematic model, optimization of motor structure, and control strategies are reviewed and summarized in this paper. The development trends and future research direction of BIM are discussed, which includes motor optimum design, precise mathematical model, novel control technologies, sensorless control, faulttolerant operation and more applications. With the development of material science, power electronic technology, computer technology, digital signal processing technology, processing technology and related technologies, BIM will have a broader development prospect.
